ABSTRACT Background: The storage of adipose tissue in ectopic compartments is a hallmark attribute linking greater body mass index (BMI) with cardiometabolic diseases. Despite ample evidence to confirm that increased visceral adipose tissue (VAT) deposition occurs with obesity, the interrelations between altered fat partitioning and regional muscle and bone quality are less well understood. Objective: We examined the association between adiposity and spinal muscle and bone quality across a large, heterogeneous cohort of adults. Design: We identified 8833 thoracic or abdominal computed tomography scans from patients in the University of Michigan Health System who were aged 18-64.9 y. We measured trabecular bone densities, cortical bone densities, VAT areas, and subcutaneous adipose tissue (SAT) areas at vertebral levels T7 to L5. Psoas muscle attenuation (an indicator of fat infiltration in muscle) was measured at the L4 level. Results: Muscle attenuation as well as trabecular and cortical bone densities revealed negative correlations with BMI, SAT, and VAT. The correlation between BMI and psoas attenuation was 20.321, between BMI and the density of cortical bone was 20.250, and between BMI and trabecular bone was 20.143 (all P , 0.001). However, correlations between VAT and lower muscle attenuation were stronger as were those between VAT and lower bone densities. Inverse correlations between VAT and densities of psoas muscle and cortical and trabecular bone were 20.460, 20.407, and 20.434, respectively (P , 0.001). Even after adjustment for age, sex, and BMI, partial correlations between VAT, muscle attenuation, and bone densities remained significant at 20. 250, 20.119, and 20.216, respectively (P , 0.001). Conclusions: Contrary to previous reports that high body mass is associated with increased bone quality, our data show a significant negative association between BMI and muscle and bone densities, suggesting fat infiltration into these tissues. More important, correlations between VAT and decreased bone and muscle densities remained statistically significant even after adjustment for age, sex, and BMI.
INTRODUCTION
The accumulation of lipids in nonadipose tissues (i.e., ectopic adiposity) is a lipotoxic process that occurs as a result of disequilibrium between energy intake and energy expenditure and is strongly associated with cardiometabolic diseases (1) (2) (3) . Reports pertaining to the negative impact of ectopic adiposity on chronic health have historically focused on visceral adipose tissue (VAT) 5 (4) as the underlying driver linking high BMI and cardiometabolic abnormalities. However, there is considerable evidence to support the notion that obesity is a heterogeneous condition, and excessive visceral adiposity for a given BMI may be an indicator of dysfunctional adipose tissue, triggering increased ectopic fat deposition (5) (6) (7) . Increasingly compelling research has also shown that obesity has pathophysiologic consequences on bone and skeletal muscle health and function (8) (9) (10) (11) . This infiltration appears as a feature of certain disease processes (e.g., type 2 diabetes) (12) as well as prolonged sedentary behavior (13) , which is often characterized with gross morphologic data from older adults by using computed tomography (CT) (8, 14) or localized intramuscular adipose tissue, intramyocellular lipid, or bone marrow adipose tissue with magnetic resonance technologies (10, 15) .
Ectopic adipose tissue deposition may occur long before an individual meets the BMI criterion for obesity or is considered at clinical risk of cardiometabolic comorbidities. Previous research has revealed a robust link between intermuscular adipose tissue and elevated concentrations of proinflammatory, adipocytederived hormones and cytokines (16, 17) , which may also lead to skeletal muscle insulin resistance and impaired muscle and bone quality (18, 19) . Thus, in conjunction with pronounced changes in the hormonal and metabolic milieu, excessive ectopic adiposity could yield a general, inhospitable physiologic environment contributing to musculoskeletal fragility. Despite the welldocumented trajectory of concurrent metabolic, morphologic, and functional declines in older adults (20, 21) , much less is known about the interrelations between obesity, altered fat partitioning, muscle attenuation, and bone density in young to middle-aged adults. It is also unclear if there is an influence of greater general adiposity on bone and muscle health, which is distinct from that caused by variations in localized adipose tissue distribution on adjacent muscle and bone within individuals. With consideration of the mounting evidence that implicates an interrelation in muscle, fat, and bone (22), we hypothesized that the presence of larger ectopic stores of VAT would be associated with a lower attenuation of muscle and bone mineral density (BMD), particularly in the regions representing the greatest stores of VAT. Therefore, the purpose of this study was to examine the independent association between subcutaneous adipose tissue (SAT),VAT, muscle attenuation, and the density of trabecular and cortical bone across a large, heterogeneous cohort of young and middle-aged adults.
SUBJECTS AND METHODS

Subjects
We identified 8833 thoracic or abdominal CT scans from 7230 patients (46.4% women) with complete demographic and anthropometric information at the University of Michigan Health System. All scans took place between 1995 and 2013, and at the time of scans, patients were 18-64.9 y of age. Between the thoracic and lumbar vertebral levels T7 and L 5 studied, the vertebral level T12 was shown in the greatest number (5618) of eligible CT scans, and the T7 level was shown in the least number with 3156 scans. Computations of SAT and VAT areas and trabecular and cortical BMDs were conducted at each vertebral level. At the vertebral level of L4 (with 5381 available scans), psoas muscle areas and densities were also determined.
Analytic morphomic data
Patient CT scans were processed and analyzed by using a proprietary, semiautomated process developed with MATLAB R2014b (version 8.4; MathWorks Inc.). The process of analytic morphomic processing is illustrated in Figure 1 . The process started from confirming the locations of vertebral levels by trained CT processors and was followed by identifying key anatomic landmarks for semiautomated visceral fascial determination at different levels and drawing contours of psoas muscles at the L4 level. The algorithm used these inputs to automatically generate morphologic measurements. Specifically, we measured trabecular bone density as the mean density within a circle that was one-half the size of the vertebral body. Cortical bone density was measured as the mean of the level of halfmaximum of the bone signal peak at every angle within a 60 degree wedge. Psoas muscle density was measured as the mean of voxel attenuation in Hounsfield units within psoas contours, the psoas area as the total area inside psoas contours, and leanpsoas as the psoas area multiplied by the normalized psoas density [mapping (285,85) to (0,1)]. Within psoas contours, indicators of a low-attenuation psoas area (area where Hounsfield units were between 0 and 34) and normal attenuation psoas area (area where Hounsfield units were between 35 and 100) FIGURE 1 Analytic morphomic processing.
were calculated (23) . The VAT area was measured as the total area inside the abdominal fascia meeting fat-density thresholds (2205 to 251 Hounsfield units), and the SAT area was measured as the total area between the abdominal fascia and skin. For a subset of scans (1867 scans in total), additional processing was performed to identify the paraspinal muscle between levels T11 and L3. The study was approved by the University of Michigan Institutional Review Board.
Statistical analysis
Statistical analyses were conducted on the basis of all cohorts as well as stratified by sex. Correlation coefficients were used to assess the association between bone and muscle densities and BMI, VAT area, and SAT area. Because of the concern of potential outliers in measuring densities, we report Spearman's rank correlation coefficient (r), which is a nonparametric measure of statistical dependence. Moreover, this method allowed for the detection of both linear and nonlinear associations. To assess correlations between the trabecular bone density and adiposity at each level, we used all CT scans that were available. Cortical bone density, psoas muscle, and paraspinal muscle were likewise assessed. To assess associations between visceral adiposity and bone and muscle densities when controlling the effects from age and BMI, we evaluated partial correlations by treating these as controlling variables. The partial correlation between 2 variables, given a set of controlling variables, is the correlation between residuals from the linear regression of these 2 variables on controlling variables. Because of the concern of the intraclass correlation of multiple scans from the same patient, this analysis was done in the within-cluster resampling (WCR) framework (24, 25) . Specifically, one single scan was randomly chosen per patient, and correlations and partial correlations were calculated as described. This process was repeated 100 times. Final estimates and SDs were determined from all 100 estimates on the basis of the WCR framework. R code (version 3.1.1; http:// www.r-project.org) is available in the Supplemental Material to illustrate how to implement the WCR framework. This method efficiently used all available data and also addressed the intraclass correlation. Holm's method was used to control the family-wise error rate when considering multiple comparisons at different vertebral levels, which is a uniformly more powerful method than Bonferroni correction.
RESULTS
Descriptive data are presented as means and SEs as well as for comparison of men and women ( Table 1) . Despite greater SAT, women had significantly less visceral adiposity than men. Leanpsoas and psoas areas were greater in men than women; however, women had higher muscle-attenuation coefficients and higher mean BMDs.
Visceral adiposity was strongly and inversely associated with cortical (r = 20.407; P , 0.001) and trabecular (r = 20.434; P , 0.001) BMD as well as psoas muscle Hounsfield units (r = 20.460; P , 0.001) at the L4 level. Associations of VAT with muscle attenuation and bone densities were much stronger than associations of SAT and BMI with muscle attenuation and bone densities. Even after controlling for age, BMI, and sex, associations between VAT and muscle attenuation and bone densities remained significant and ranged from small to medium effect sizes. These results are summarized in Supplemental Table 1 . The 3 curves in Figure 2 depict nonparametric, generalized additive models with a shrinkage version of cubic regression splines. Shaded areas correspond to 95% CIs. There was a nonlinear trend such that curves declined to coincide with greater VAT areas. Furthermore, we conducted a subgroup analysis by dividing patients into 5 groups according to a standard BMI classification (in kg/m 2 ; i.e., ,18.5, 18.5-24.9, 25-29.9, 30-39.9, and $40). Within each BMI category, patients were further divided into 3 groups according to tertiles of VAT area. For each of these 15 subgroups, we calculated median Hounsfield units of psoas muscle attenuation, cortical BMD, and trabecular BMD and respective 95% CIs (Figure 3) . Within almost all BMI categories, each incremental increase in VAT tertile was associated with a decrease in median Hounsfield units for muscle attenuation and BMD. Nonoverlapping CIs reflected statistically significant differences. CIs for the middle 3 BMI categories were smaller because of larger samples. Table 2 provides a summary of correlation and partial correlation coefficients between psoas measures and adiposity measures. Psoas attenuation measures included psoas muscle attenuation and the ratio of the normal attenuation psoas area to low attenuation psoas area. Adiposity assessments included indicators of adiposity (BMI) and direct measures of adiposity (i.e., VAT and SAT areas). Partial correlations were controlled for BMI as well as both BMI and age. Diminished psoas attenuation was more-strongly associated with VAT than BMI. Patterns of associations between BMI and VAT with psoas attenuation measures were similar between men and women, and associations between VAT and psoas attenuation remained significant even after adjustment for both BMI and age. Supplemental Figure 1 shows associations between the attenuation of paraspinal muscles, BMI, VAT, and SAT between T11 and L3. In women only, VAT was a stronger predictor of lower paraspinal muscle attenuation than was BMI.
BMD
Supplemental Figures 2 and 3 show correlations between bone densities and adiposity measures for cortical and trabecular bone, respectively. Correlations are reported at vertebral levels from T7 to L5. Multiple-comparison-adjusted P values were reported. Trabecular BMD had much stronger associations with VAT than was shown for either BMI or SAT. Associations were virtually unchanged after controlling for BMI but decreased when adjusted for both BMI and age, which suggested a greater impact of age on trabecular bone. Likewise, cortical BMD was more-strongly associated with VAT than what was shown for both BMI and SAT. However, these associations dropped significantly when we controlled for both BMI and age, which again suggested the largest influence of age on cortical bone density. In addition, partial correlations between the VAT area and cortical BMD after controlling for BMI and age were only significant at lumbar vertebral levels.
DISCUSSION
The primary finding of this investigation was that VAT was strongly and inversely associated with vertebral trabecular and cortical BMDs and muscle attenuation in adults even after adjustment for effects of BMI and age. These findings are important considering that obesity is often touted as a protective factor for bone health and muscle strength with greater musculoskeletal mechanical and gravitational demands being coincident with the need to lift and maneuver a larger body habitus. Higher BMIs are associated with larger visceral fat stores across sexes and ethnicities (26) , and VAT is generally considered to be the underlying driver linking higher BMIs to cardiometabolic chronic diseases (4). Thus, it seems that the pathophysiologic influence of VAT on the quality of vertebral muscle and bone may oppose the seemingly positive influence of a greater mechanical loading with higher body masses. These findings are in agreement with a recent study that showed, at the tissue level, that premenopausal women with more central adiposity had inferior bone quality and stiffness and markedly lower bone formation (19) . Thus, in combination with other research that indicated that obesity may be associated with increased risk of fracture (27) , these collective findings support the need for additional research to identify mechanisms linking greater adiposity to adverse effects on bone density and muscle attenuation as well as for improvements in clinical screening algorithms to identify individuals at highest risk.
It is well known that sedentary older adults are at significantly increased risks of weakness and sarcopenic obesity (28, 29) , which are, in turn, thought to be the primary contributing factors of musculoskeletal fragility (27, (30) (31) (32) , cardiometabolic abnormalities (33, 34) , and early all-cause mortality (35) (36) (37) . Findings have also indicated that localized adipose tissue within and surrounding the muscle is related to reduced muscle quality (i.e., strength per unit of muscle mass) in obesity and aging (38) (39) (40) as well as incident mobility disability (41) . Accordingly, our results suggest that, at the levels where VAT areas were largest, associations between VAT, muscle attenuation, and cortical and FIGURE 3 Medians of muscle attenuation and bone densities for different BMI categories and VAT area tertiles (we divided subjects into 5 groups according to standard BMI cutoffs as follows (in kg/m 2 ): ,18.5, 18.5-24.9, 25-29.9, 30-39.9, and $40). Within each BMI category, we further divided subjects into 3 groups according to tertiles of VAT areas. In each of these 15 subgroups, we presented median Hounsfield units of psoas muscle attenuation, cortical BMD, and trabecular BMD and respective 95% CIs. Low, median, and high represent 3 VAT-area tertile groups. BMD, bone mineral density; VAT, visceral adipose tissue. All correlation coefficients were significant with P values , 0.001. Correlations for men were not significantly different from those for women. SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue. trabecular BMDs were also large. This finding is interesting because if may support the notion that excess fat in the intraabdominal region has a negative, pathophysiologic influence on local muscle and bone. Perhaps just as noteworthy if that, after we examined the variability of VAT within standardized BMI categories, we showed that individuals with higher BMIs and lower VAT areas had higher muscle attenuation and BMDs than did persons with lower BMIs and higher VAT areas. Indeed, a so-called cellular crosstalk between muscle and fat tissue may lead to a disruption in muscle growth and decreased functional capacity (42) ; however, the simultaneous net effect on muscle attenuation and bone density is less well understood. Not surprisingly, nearly all research related to the influence of adiposity to potentiate risk of musculoskeletal fragility has been conducted in elderly populations. Nevertheless, obesity and sedentary behavior are paralleled with significant increases in VAT and skeletal muscle fat infiltration (13, (43) (44) (45) , the confluence of which represents a robust predictor for muscular weakness (38, 39) and cardiometabolic disease risk (34, 46) throughout adulthood.
Despite a similar trend in associations between VAT, muscle attenuation, and trabecular and cortical BMDs between men and women, we showed a dimorphic pattern of adipose tissue distribution and musculoskeletal densities. Although men had larger total muscle and lean areas than did women, women had higher muscle attenuation and BMDs. This finding was somewhat surprising because other reports have revealed lower muscle attenuation and greater intermuscular adipose tissue in women than men (14, 39) . One potential explanation for this discrepancy is that most previous studies examined these factors as agerelated phenomena in lower-extremity musculature (39) . It is possible that the morphologic differences between men and women, as well as the interrelation between adiposity and musculoskeletal integrity, may be strongly mediated by age and the menopause transition (47) . Because of the strong, inverse association between VAT, muscle attenuation, and trabecular and cortical BMDs, as well as the fact that young and middle-aged men tend to have a larger proportion of VAT to total fat than women (48) , men may be at earlier risk of diminished spinal musculoskeletal quality. Overall, the negative associations between VAT and psoas attenuation measures were greater than those between VAT and trabecular and cortical bone densities ( Table 2 , Supplemental Figures 2 and 3) . However, because of the proximity of VAT to the psoas muscle in the current investigation, these results may not necessarily be applicable to other muscle and, particularly, to those of the extremities. A recent study showed significant sex-and age-related variability in muscle attenuation even in the "trunk" muscle groups (14) , and thus, mechanisms and mediators of this variability should be further explored to better understand changes in functional capacity and risk of cardiometabolic and morphologic deterioration.
Although cross-sectional, our study adds to the growing body of literature by showing a strong, independent association between greater VAT areas, lower muscle attenuation, and diminished BMDs in a large, nonelderly, heterogeneous sample of adults. These findings support another recent investigation that showed that longitudinal increases in BMI and body fat in men were coincident with declines in both muscle and bone mass (32) . Whether VAT plays a direct, pathophysiologic role in the quality of local vertebral muscle and bone or the negative associations between VAT and both muscle and BMD quality are merely coincident to aging and reduced metabolic or intrinsic mechanical and gravitational stimuli [i.e., through the combination of greater sedentary behavior and low levels of physical activity (49) ], remain to be determined. A better understanding of the cause and temporal sequence of these sequelae would provide much-needed information pertaining to risk screening and stratification and also to identify preventive and treatment options. Regardless, because these are potentially overlapping and modifiable consequences of both overnutrition and insufficient physical activity, there is a dire need for more comparativeeffectiveness clinical studies to identify behavioral strategies that may concurrently reduce VAT across BMIs and increase the loading to bone and muscle.
In conclusion, w35% of adults in the United States are obese (50) . Although primary public health concerns of obesity are related to abnormalities in cardiometabolic health and function, our study suggests a significant negative implication of visceral fat accumulation on musculoskeletal integrity. Visceral adiposity was shown to be inversely associated with lower trabecular and cortical BMDs and muscle attenuation in both men and women even after adjustment for BMI and age. Moreover, young and middle-aged men had greater VAT areas, lower muscle attenuation, and vertebral BMDs. Thus, future studies are needed to identify early preventive and treatment options to simultaneously target the reduction of abdominal adiposity and improvements in musculoskeletal quality.
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